S A I T. R E D D Y
T he T cells of the immune system are covered in protein complexes called T-cell receptors (TCRs). If a TCR binds a peptide fragment of a protein known as an antigen that is not usually present in the body, such as an antigen from a pathogen, this can trigger an immune response. Target recognition by TCRs is often essential in providing immunological protection against infectious diseases and cancer. However, trying to determine or predict the antigen specificity of a TCR on the basis of TCR amino-acid sequence alone is extremely challenging. On pages 89 and 94, respectively, Dash et al. 1 and Glanville et al. 2 report studies that investigated the relationship between TCR sequence and TCR antigen specificity.
A large collection of gene segments encodes the variable regions of TCR sequences. These genetic fragments undergo a rearrangement process during T-cell development that results in each T cell in the body possessing a unique TCR. The entire assembly of TCRs in an individual is referred to as the TCR repertoire, the scale of which is enormous -estimated 3 to be in the range of about 10
18 different TCRs (a number similar to the predicted number of grains of sand on Earth). This immense
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The patterns of T-cell target recognition
The binding of T-cell receptors to peptide molecules not normally present in the body can trigger an immune response. Predicting which peptide a T-cell receptor will bind to -a difficult feat -has now been achieved. See Letters p.89 & p.94 of CDW forced deglaciation of the ASE from at least 10,400 years ago until 7,500 years ago, when ice-shelf collapse could have caused rapid ice-sheet thinning. The authors also suggest that this process has been responsible for ice loss in the region since the 1940s.
The persistence of the modern West Antarctic Ice Sheet relies on the stabilizing influence of its ice shelves 5 . During the last glacial period (between 110,000 and 11,700 years ago), cooling or decreased presence of CDW, or both, would have reduced melting beneath the Antarctic ice shelves, contributing to icesheet growth and stability 6 . One study has suggested that the postglacial retreat of the ice sheet to modern levels in the ASE occurred about 8,000 years ago, and its authors speculated that the inflow of warmer ocean waters led to ice-shelf instability, which in turn drove ice-sheet retreat 7 . Although scientists can use satellites and other instrumentation to investigate the modern West Antarctic Ice Sheet, ice shelves and surrounding seas, they must rely on proxy measurements from archives to reconstruct past changes. Hillenbrand and colleagues studied sediment cores recovered from the Amundsen Sea to reconstruct CDW upwelling onto the ASE continental shelf and to determine the role of CDW upwelling in driving ice-sheet retreat over the past 11,000 years. The authors analysed the chemical composition and assemblage of the microscopic fossil shells of organisms known as planktic and benthic foraminifera, which live in the upper ocean and on the sea floor, respectively.
Hillenbrand et al. used the ratios of chemical elements in benthic foraminifera as a proxy to show that relatively warm bottom water persisted on the ASE continental shelf before 7,500 years ago, suggesting that warm CDW flooded the region until that time. Subsequently cooler temperatures indicate that CDW inflow was reduced until modern times. The authors confirmed these findings using measurements of a water-mass tracer on planktic and benthic foraminifera -CDW has a distinct chemical signature, and the authors found that its presence on the ASE continental shelf is recorded until about 8,000 years ago, after which the pure CDW signature is reduced as a result of the mixing of CDW with other water masses.
The authors then used variations in the assemblage (species composition) of benthic foraminifera to infer the presence or absence of an ice shelf covering the ASE. They found that species indicative of a sub-ice-shelf environment dominate the assemblage until 7,500 years ago, when a distinct change -to an assemblage dominated by species attributed to an ice-shelf edge environment -occurred.
Taken together, these lines of evidence provide strong support for an oceanic driver of ice-shelf collapse in the ASE between about 8,000 and 7,500 years ago. Specifically, the enhanced inflow of warm CDW onto the ASE continental shelf, beginning at least 10,400 years ago, probably contributed to the melting of the undersides of ice shelves, leading to their collapse. Hillenbrand et al. attribute the intensification of CDW inflow before 7,500 years ago to a southerly position of the Southern Hemisphere westerly wind belt 8 . A major strength of the authors' study is the multi-proxy approach taken, because it allows independent validation of data.
Hillenbrand and colleagues' findings provide a crucial oceanic link to a previous study that found that Pine Island Glacier, one of two main glaciers that drain the West Antarctic Ice Sheet into the ASE, experienced rapid thinning about 8,000 years ago 7 . This ice-sheet retreat coincided with the strengthened CDW inflow on the ASE continental shelf found by Hillenbrand and collaborators. Such inflow probably caused the ice shelf to collapse, reducing its stabilizing effect on the ice sheet and leading to increased rates of ice-sheet retreat.
The authors also reconstructed CDW inflow to the ASE over the past century, and although their work is based on limited data, they found a renewed strengthening of CDW inflow onto the ASE continental shelf since the 1940s. If that is the case, it would confirm oceanic forcing and CDW inflow as the main drivers of ice-shelf collapse 9 and ice-sheet retreat in the ASE region 7 in the past few decades. Hillenbrand and colleagues' findings are limited by the length of the sediment records and the low resolution of the bottom-water temperature data. Because the sediment records extend back about 11,000 years, when CDW was already present on the ASE continental shelf, it is difficult to determine when the enhanced CDW inflow began. Constraining this timing could help to confirm whether the southerly shift of the Southern Hemisphere westerly wind belt led to the intensification of CDW inflow. Furthermore, the bottom-water temperature data are of lower resolution than the other data used, and do not extend back beyond about 8,000 years. Additional analyses from new sediment cores would help to confirm the authors' findings. Nevertheless, their study represents a major advance in our understanding of the drivers of ice-shelf collapse. Dash et al. 1 and Glanville et al. 2 investigated the relationship between TCR sequence and the specificity of TCR antigen binding, because it is difficult to predict the antigen to which a TCR will bind. The authors isolated T cells from mice and humans that could bind to known antigens and analysed the DNA sequences of the genes that express the TCRs present on these cells, enabling them to determine the corresponding TCR protein sequences. TCR sequence motifs that are associated with binding to antigens of interest are enriched compared with other sequences, and could thus be identified. This information could be used to predict whether a specific T cell would bind to a given antigen on the basis of its TCR sequence. diversity enables the immune system to both recognize and respond to a wide range of potential pathogenic threats. Yet this diversity also makes it a challenge to determine the antigen specificity of a TCR from only its sequence, because numerous possible TCRs can bind to the same antigen 4 . Advances in high-throughput DNA sequencing 5 have made it possible to investigate TCR repertoires in much greater detail than ever before. These advances include single-cell sequencing techniques that provide information on the natural pairing of parts of the TCR complex known as the α-and β-variable chains 6, 7 . The combination of these two chains provides the TCR structure that binds to an antigen on the surface of a cell, which is presented as a complex with a protein of the major histocompatibility complex (MHC) family. Complexes of MHC proteins and peptides can be produced from genetically engineered cells and used to search for T cells that specifically bind to a given antigen 8 . Both Dash et al. and Glanville et al. followed an approach in which MHC proteins and antigens that are associated with common diseases such as influenza or tuberculosis are complexed together and fluorescently labelled, and the resulting structures used to isolate T cells that bind to the specific antigen. The authors performed high-throughput, singlecell DNA sequencing of the TCR genes from these T cells, enabling them to generate a large database of antigen-specific TCR sequences. They then performed a detailed analysis of these protein sequences to identify the patterns of sequence motifs that correlated with antigen specificity (Fig. 1) .
Structural analysis has revealed 9 that small portions of the TCR, most notably, sections known as complementarity-determining regions (CDRs), are the main sites of direct interaction with MHC-peptide complexes. Dash and colleagues developed a metric known as a distance measure to capture the similarity of any two TCR sequences on the basis of their common amino acids. They used it to calculate similarities between CDRs and identified clustered, highly similar, antigenspecific groups of TCRs that were present in many different samples of T cells from humans or mice. Statistical analysis of these TCR clusters revealed the presence of short sequence motifs in CDRs that were specifically enriched when compared to repertoires that had not been selected for binding to the antigen of interest. Glanville and colleagues performed a similar analysis, focusing exclusively on TCRs from humans that bind to specific antigens that are associated with viral or bacterial infections. Their work also led to the discovery of sequence-enrichment motifs in CDRs, which were not observed in the human TCR repertoires that did not bind to the given antigen.
Both groups then used the enriched sequence motifs they had identified to develop a classification system for predicting antigen specificity on the basis of TCR sequence. In the system developed by Dash and colleagues, the specificity of any given TCR is predicted by identifying the cluster of antigen-specific TCRs that shares the highest sequence similarity with the TCR in question. This approach enabled them to correctly assign the antigenbinding specificity of human and mouse TCRs. When testing 10 different antigens, the authors achieved a success rate of about 80%.
To determine the limits of their prediction method, Dash et al. generated an independent TCR repertoire data set from mouse T cells that bound to four of their tested antigens. They then assigned each TCR of the new data set to an antigen group using their previously developed sequence-similarity classifier. Their prediction of TCR antigen-binding specificity was 90% accurate for three of the four antigens tested. Importantly, 85% of the correctly assigned TCRs had not been observed in the previous data set, demonstrating that this classification system was able to predict the antigen-binding specificity of TCRs that it had not encountered before.
The antigen-prediction system developed by Glanville et al. also enabled the assignment of TCRs to antigen-specific binding groups. When using an independent set of TCR repertoires from humans, the authors could assign TCRs to the correct antigen-binding group, and also identify additional TCR sequences that could bind to the previously tested antigens. Using the enriched sequence motifs present in a previously analysed TCR repertoire that was specific for an antigen from Mycobacterium tuberculosis (the bacterium that causes tuberculosis), the authors designed a set of ten synthetic TCRs not found in the biological samples they had tested, and that they predicted would be specific for the M. tuberculosis antigen. By genetically modifying T cells to express these TCRs, the authors observed during in vitro analysis that eight of the ten synthetic TCRs specifically bound to the antigen. And when they assessed the level of T-cell activation, two of their synthetic TCRs had higher activity than a naturally generated antigen-specific TCR.
An exciting potential application that might emerge from the studies by these two groups "This classification system was able to predict the antigen-binding specificity of T-cell receptors that it had not encountered before."
S H E R I E F R E DA I ntegrated circuits are ubiquitous in modern electronic systems. Conventionally, they consist of a single layer of electronic devices and multiple layers of electrical connections (interconnects) that wire the devices to each other. Because there is a physical limit to how small such devices can be when they are created in two dimensions, researchers have targeted the third dimension to incorporate more device layers and continue the trend of increased integration density and functionality. On page 74, Shulaker et al. 1 report a milestone in 3D integration. They present a fully functional prototype of a 'monolithic' 3D integrated circuit that brings together some of the most promising emerging device technologies in terms of sensing, memory and computing capabilities. To demonstrate it, the authors use the prototype to sense and distinguish between ambient gases and vapours.
Researchers began working on 3D integrated circuits almost two decades ago. In the first efforts, each stack, which contained a device layer and multiple interconnect layers, was fabricated separately. These stacks were then bonded, and wired by interconnects called through-silicon vias 2 . The separate fabrication was necessary to allow high-temperature annealing -rapid and precise heating of the device layers to temperatures 3 greater than 1,000 °C -to activate dopants (impurities) in the devices that produce the desired electrical characteristics. Stacks could not be fabricated on top of each other because the annealing of one device layer would damage the interconnect structures of the underlying layers.
A major limitation of separate fabrication is that the diameter and pitch (separation) of the through-silicon vias need to be at least micrometre-sized. This constrains the density of the through-silicon vias that can be used, and therefore the bandwidth for data transfer in the 3D integrated circuits.
In the past few years, monolithic integration -in which additional device layers are built directly on top of the first layer -has gained momentum. Monolithic integration enables the fabrication of interconnects called inter-layer vias that have nanoscale diameters and pitches. This means that interconnects can be fabricated at 1,000 times the density of through-silicon vias, and allows data to be transferred through the integrated circuit at a much higher bandwidth and at lower power 4 .
To maintain the low temperatures 3 (less than 400 °C) required for adding one or more device layers, a few methods have been proposed, depending on the target devices. For memory technology, it is possible to use non-silicon devices -for example, resistive random-access memory (RRAM) cells -that can be fabricated at such low temperatures 5 . For silicon-based transistors (electronic switches), a low-temperature method known as the μ-Czochralski process can be used, whereby laser pulses crystallize amorphous silicon 6 . For carbon-nanotube transistors, the nanotubes can be fabricated separately at high temperatures and then transferred to the integrated-circuit stack. The remaining parts of the transistors can then be directly fabricated on the stack using standard lithography techniques 7 . Shulaker and colleagues used some of these developments in monolithic integration to create a 3D integrated circuit that can sense and distinguish between ambient gases and vapours, including nitrogen and vapours of lemon juice, vinegar and wine. Their integrated circuit is composed of four device layers (Fig. 1) . The top layer comprises more than 1 million carbon-nanotube field-effect transistors (CNFETs) that act as sensors -the resistance of the CNFETs varies depending on the type of gas or vapour that is present. The layer beneath that contains RRAM cells that store the signals generated by the CNFET sensors. The RRAM cells are non-volatile, meaning that they retain information even when the power is switched off. Thanks to the monolithic integration of their integrated circuit, the authors were able to use densely packed inter-layer vias to achieve an unprecedented data-transfer bandwidth from the sensors to the RRAM cells.
The third layer down comprises an array of computational circuits built from CNFETs that use the sensor data captured in the is the development of new types of TCR-based clinical diagnostic tool 10, 11 . For example, it might be possible to determine whether having a greater number of antigen-specific TCRs in an individual's repertoire correlates with better immunological protection. However, a limitation of the approach used by Dash et al. and Glanville et al. is that it requires pre-existing knowledge and access to antigenic MHCpeptide complexes to identify the sequence patterns that can be used to predict the antigen-binding specificity of TCRs.
In some clinical situations, including the treatment of cancer, it would be useful to know the extent of the tumour-specific T-cell responses that are present in an individual. However, it is difficult to gain prior knowledge of the tumour antigens that are being targeted by T cells, given the high number of genetic mutations present in tumour cells 12 . Therefore, methods for identifying TCR antigen-specificity groups without the need to isolate antigen-specific T-cells would be highly valuable. Enriched TCR sequence motifs can be determined in mice that are treated with a specific antigen 13 , which shows that this might be a feasible approach to overcoming the problem of isolating antigen-specific T cells.
Although Glanville et al. demonstrated that they could design synthetic TCRs that have antigen specificity, they used a relatively simple approach of mixing TCR sequences based on those of natural TCRs. In the future, more-advanced methods that integrate computational biology and structural modelling 14 might be used to design highly specific and potent TCRs for use in T-cell therapies 15 . 
